Band calculations show that a stripelike antiferromagnetic spin wave is enforced by a ''half-breathing'' phonon distortion within the CuO plane of HgBa 2 CuO 4 . This spin-phonon coupling is increased further by shear distortion and by the increased distance between Cu and apical oxygens. The effects from spin-phonon coupling are consistent with many observations in high-T c materials. Spin-phonon coupling can be important for the mechanism of spin fluctuations and superconductivity, although the effects are quantitatively weak when using the local density potential. The structures of high-T c superconductors are essentially two-dimensional ͑2D͒, containing flat or buckled CuO planes. Other elements in the structure serve as dopants and mediate the 3D interaction between the planes. In addition to the high T c there are several other unusual properties characterizing these materials. They include the d-wave symmetry of the superconducting gap, the existence of a pseudogap, isotope effects, antiferromagnetic ͑AFM͒ fluctuations, stripe structures, and phonon softening, all of which show important dependencies of the doping.
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In the present work we study the consequences of interaction between phonons and AFM spin waves through band calculations for one of the high-T c materials, HgBa 2 CuO 4 ͑HBCO͒. This structure has one CuO plane per formula unit ͑f.u.͒ and one FS of cylindrical shape. The electronic structure calculations are done for ''frozen'' phonon and spin waves by use of the linear muffin-tin orbital method and the local spin density approximation 13 ͑LSDA͒ for supercells of HBCO, including staggered magnetic fields to generate spinwaves or atomic displacements to model phonons. The details of the method can be found in Refs. 11 and 12. Previous calculations were made for spin or phonon modes of different wavelengths and with different atomic displacements. 12 Here we consider spin waves together with the ''half-breathing'' 16 oxygen modes along ͓1,0,0͔ in the CuO plane of a cell with 8 f.u. of HBCO, see Fig. 1 . The wavelength of the spin wave is twice that of the phonon, so that two phonon wavelengths fit into this supercell. As discussed in Ref. 12 , gap ͑or pseudogap͒ structures appear in the DOS at a band filling of 502 electrons, if this unit cell contains one wavelength of a phonon or a spin wave. The gaps appear at 500 electrons, if two wavelengths are contained in the cell. This should be compared with the position of the Fermi energy (E F ) at a band filling of 504 electrons for the undoped cell. In order to account for the doping of four holes ͑over-doped case with 0.5 holes per f.u.͒ we use the virtual crystal approximation to adjust the electron filling. The distribution of holes follows approximately the number of holes induced by a rigid band shift of E F , giving Cu 0.26, apical oxygen 0.04, and planar oxygen 0.08 holes per atom. The nuclear charges are reduced accordingly.
A complete gap appears in the undoped compound ͑two f.u. of HBCO͒ when the staggered magnetic field applied on the Cu sites is about 23 mRy. Calculations of the spin wave configurations are made with four amplitudes of the fields ͑from 10 to 50 mRy͒, for four different structural modifications within the supercell. The first case ͑a͒ is only with the spin wave, without the phonon. In the second case ͑b͒ two wavelengths of the half-breathing mode are included along the cell together with the spin wave, and the phase adjusted so that the nodes of the spin wave coincides with the Cu atoms which are 'compressed' between the oxygens, as in Fig. 1 . The displacements of the O-atoms are 0.02a 0 (a 0 is the lattice constant 7.322 a.u.͒, which are realistic for a temperature of 100-200 K. 11 A third case ͑c͒ is like ͑b͒, but in a unit cell where the lattice parameter in the ab plane is reduced by 0.33%, while in the c direction it is increased by 0.67% to conserve the volume. All atomic positions are scaled by the same c/a ratio as for the cell dimensions. This case is motivated by the observation that T c is lower in thin layers of a high-T c oxide grown expitaxially on SrTiO 3 ͑STO͒ than in the bulk. 17 As STO has a larger lattice constant than the high-T c -oxide, it leads to a slight dilatation of the first grown layers. The opposite distortion in case ͑c͒ should make T c larger, as found experimentally for compressing epitaxial strain. 18 Such results are in line with the conclusions from pressure measurements, although oxygen ordering may mask the effect on the intrinsic T c . 19 Measurements on oxygen rich HBCO samples find in general positive dT c /dP. 20 The trend from P measurements on several cuprates seems to be that T c is proportional to a Ϫ4. 5 or approximately to the inverse square of the area of the CuO plane. 21 A last case ͑d͒ is like ͑b͒ except for the fact that the z distance between Cu and apical oxygens is increased by 0.01a 0 . This case is motivated by the reported correlation between large Cu to apical-O distances ͑and their overlap integrals͒ and large T c 's among a large number of high-T c cuprates. 22 The local Stoner enhancements (S) on the Cu sites are defined as the ratio between exchange splitting of the Cu-d band and the field energy, H. Without lattice distortion, case ͑a͒, the S enhancement is constant, about 1.45, independent of the field (H). With the half-breathing phonon in cases ͑b͒-͑d͒ the S values can be extrapolated to about 2.2 for zero field, but the spin wave becomes stiffer at larger H when S's are about 1.65. In can be noted that the enhancements of case ͑c͒ are slightly larger than in case ͑b͒, and that case ͑d͒ is more enhanced than ͑b͒ for the lowest field. These results indicate already that the phonon favors a spin wave, and that the shear and increased distance between the Cu and the apical O both increase the spin-phonon coupling.
One calculation was made in order to test the stability of the spin waves with respect to the phase of the phonon. If the phase of the spin wave in ͑b͒ is changed by , so the large spin amplitudes are on the compressed Cu sites, there is a clear decrease of the spin-phonon coupling. The local S enhancement is 1.35, much lower than the results from the other cases, even lower than the case ͑a͒ without phonon.
In view of the results for separate spin waves and phonons, it is somewhat surprising to find that the gap for the coexisting spin and phonon waves of Fig. 1 appears at the band filling of 500 electrons. This means that the gap coming from the charge modulation of the phonon is enforced by the spin wave. Furthermore, the spin wave is stronger when it coexists with the phonon. The phonon alone gives a faint hint of a pseudogap at a band filling of 500 electrons. But when the spin wave is added, the gap is stronger, and is almost complete for the largest fields. This can be understood from the fact that the charge of an unpolarized Cu atom is not the same as the charge of a polarized one. The latter, the sum of majority and minority spin distributions, makes the non-spin-dependent part of the potential different from that on unpolarized Cu, and hence the charge modulation is enforced. These results point also towards close interactions between phonon and spin waves.
The coupling constant of spin fluctuations is calculated by the same method as for Fe, Co, and Pd, 14 which is based on an analogy between ⌬r, the sum of the amplitudes of atomic displacements in the case of electron-phonon coupling, and m, the sum of the amplitude of the magnetic moments for spin waves. Neither the amplitude of the prefactor s f is known for the spin-phonon coupled system, but it can be concluded that a large T c requires a large s f . All calculations are made using 24 irreducible k points, and the matrix elements I 2 are averaged over the eigenvalues near E F for these points. The total energy results converge more slowly than the S factors, moments or matrix elements, and many self-consistent iterations are required. Table I shows the results of I 2 , F, and s f evaluated at the largest field for the four cases ͑a͒-͑d͒. The values for F evaluated at the lower fields are almost identical for the three cases containing the phonon, ͑b͒-͑d͒, i.e., the harmonicity is almost perfect. For case ͑a͒however, F is strikingly non-harmonic. F evaluated at the lowest field is about five times larger than the value given in Table I, indicating that case ͑a͒ is not ready for spin waves. Only at large applied field the system is forced to become magnetically softer. Thus, the high field value in Table I represents an upper limit of s f for case ͑a͒, not taken in the limit m→0. The linear m-dependence of I is respected faily well in view of the limited statistics coming from the k-point mesh. Still there is a tendency that the values are 10-30 % larger at the highest field compared to at the lowest one. Both cases ͑c͒ and ͑d͒ give stronger coupling than case ͑b͒, confirming the expectation that smaller CuO areas and/or large distance between apical oxygen and the CuO plane are indeed important for a T c -mechanism based on spin fluctuations. The relative differences between cases ͑a͒-͑d͒, showing that when a gap is opened easily ͑and the matrix elements are large͒ in the latter cases ͑b͒-͑d͒, the total energy increases more slowly with field. Such cases are magnetically ''soft,'' and the coupling calculated from Eq. ͑1͒, is largest. It can be noted that s f varies considerably among the different k points, typically up to a factor 3 compared to the FS average in all cases ͑a͒-͑d͒.
The value of s f , of the order 0.25 for the most magnetically soft cases, is not large enough to explain a high T c . Therefore, no quantitative discussion of T c can be done yet. The problem is most likely connected with the DF-LSDA potential, which is known to be unable to describe many AFM ordered insulating oxides. As stated, the calculations for the undoped HBCO need a staggered field of about Ϯ23 mRy to form a true gap, while in reality no field should be needed. It could be argued that the system is magnetically much softer than what is found in the LSDA, so that some part of the applied field should be intrinsic in order to correct for the error in the LSDA, and a larger s f can be imagined. Strong correlations, self-interaction corrections, or nonlocality have been proposed to improve the DF results. The CuO plane is very close packed and the charge density has a deep minimum in the binding region between Cu and O. Exchange and correlation ͑xc͒ is larger than in the LDA when the charge density has a minimum, 25 because the xc hole is more localized than for the constant density taken at the minimum of real density. Nonlocality can be approached by taking the average density within r s , the electron gas parameter, instead of the local density in the evaluation of the potential. A calculation based on such a correction of the LDA potential requires a lower critical field (ϳ15 mRy͒ to open a gap in the undoped case. When the same correction is applied to case ͑b͒ it leads a to 30-50 increase of I 2 . Such results are not ab initio, but they are useful to demonstrate that magnetic softness correlates with larger coupling. The reason for the larger magnetic enhancement and larger coupling can be found in the position of the O-p band relative to E F . It turns out that the coupling is larger when the top of the O-p band is closer to E F , as in the model calculation with the corrected potential or as in the LSDA results for case ͑c͒ compared to case ͑b͒. The orbital overlap between atomic neighbors is small at the top of the band, and this can reduce the hybridization energy and make AFM configurations more stable. Improved nonlocality beyond LSDA or gradient corrected potentials will be important for quantitative results of nearly AFM systems. In the absence of a well tested theory for improved DF calculations we can, in the following, only make a qualitative discussion of the consequences of spin-phonon coupling.
It is known that nonmagnetic substitutions like Zn ͑on Cu sites͒ suppress T c more rapidly than magnetic ones like Ni in hole doped copper oxides.
1 Two calculations with spin waves in the undistorted case ͑a͒ were made with one Cu site replaced by either a Ni or a Zn atom. Table II shows the resulting moments for the two cases and the case without an impurity, when the field amplitude is 20 mRy in all cases. The d band in Zn is filled and an applied field gives a spin splitting, but no local moment. It is seen that the Zn impurity perturbs the AF order even on distant Cu, and totally there is a sizable ferromagnetic moment. Ni acquires a rather strong moment, but the spin distribution on the remaining Cu sites is not too far from the case without an impurity. These results indicate that AFM spin waves and possibly superconductivity mediated by spin fluctuations are more sensitive to Zn than to Ni impurities, as the observed trends for T c .
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The mechanism of spin-phonon coupling is consistent with the fact that both atomic vibrations and magnetic fluctuations, observed via isotope effects and spin polarization, play a role for the superconducting state. So far we only consider the half-breathing mode. 16, 24 This mode can be modeled by a longitudinal wave along a 1D CuO chain for a two atomic chain with masses M Cu and M O . 23 The phonon , when T is low compared to the Debye temperature. 11 Thus, a smaller M O tends to increase the vibrational amplitudes of the oxygens, which favors magnetic fluctuations and larger s f . The mass dependence might seem small, but there is a feedback from the force constant K. An increased u 2 will enforce the spin wave and decrease the total energy, so that the phonon appears softer, i.e., a lower K. The effect is to increase the vibrational amplitude, the spin amplitude and s f . Isotope shifts of T c are complex, since a large T c requires that both s f and s f are large, while in general a large s f leads to a small s f and vice versa.
14 Larger isotope shifts can be expected for the pseudogap, mainly because the gap depends directly on the magnetic and vibrational amplitudes. Furthermore it exists at larger T, where u 2 and the effects of feedback via K are probably larger. Results from inelastic neutron scattering show larger isotope shifts of the pseudogap than of T c . 5 As mentioned above, vibrations of Cu are not so important for the Cu moments and s f in this mechanism. Increased amplitudes of Cu vibrations could even interfere with the O-vibrations to make the effects from the half-breathing mode less effective, and lead to negative isotope effects, as are found in some cases for T c . 6 Another feature of high-T c compounds is the softening of zone boundary phonons in doped materials. 9, 24 There is a correlation between the doping and wavelengths of the modulations, 12 so that only if the gap opens at the correct E F of the doped system, there will be a lowering of the total energy. Thus, the O-phonon mode in Fig. 1 , which corresponds precisely to the zone-boundary phonon in the simple model above, appears to be softer than if no spin wave existed. If the system is undoped, E F will be at a higher energy, above the gap caused by this spin-phonon mode, and no gain in total energy will soften the phonon. This is reflected in the calculated value of F, which for case ͑b͒ without doping is of the order 100 mRy/cell/ B 2 , i.e., roughly a factor of 3 larger than the value with doping, shown in Table I .
In conclusion, the band results on supercells of HBCO along the CuO bond direction show that spin waves interact strongly with the ''half-breathing'' phonon. Static stripes can be viewed as instabilities of the phonons due to interaction with the spin wave. Soft spin-phonon waves, before the instability limit, imply possibilities of superconductivity mediated by spin fluctuations. Many properties of high-T c cuprates can be understood qualitatively within the mechanism of spin-phonon coupling. For instance, the influence of atomic displacement amplitudes on the spin wave imply that isotope shifts should exist, while at the same time it is expected that magnetic fluctuations exist in the superconducting state. Moreover, it follows from the calculations that the phonon can become softer because of interaction with the spin wave, and more so for the doped case. In addition to this, a look at the DOS shows that the spin and/or phonon waves lead to pseudogaps at E F , 12 and effects of magnetic and nonmagnetic impurities seem to follow experimental findings. Finally, variations of the spin-phonon coupling with pressure or strain correlate well with experimental variations of T c . However, these correlations between observed properties and the strength of the spin-phonon coupling are qualitative. Because of the problems with the LSDA there is no proof, but it can be speculatated that spin-phonon coupling of the type found here is involved in the mechanism of superconductivity.
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